Abstract-A systematic comparison of Cu toxicity thresholds was made between freshly spiked soils and soils in which elevated Cu concentrations have been present for various times. Three uncontaminated soils were spiked and experimentally leached or incubated outdoors for up to 18 months. Additionally, five field-contaminated soils with a 6-to 80-year-old Cu contamination were sampled, and corresponding uncontaminated soils were spiked to identical total concentrations. All soil samples were subjected to three microbial assays (nitrification potential, glucose-induced respiration, and maize residue C-mineralization). Experimental leaching or soil incubation after spiking reduced Cu toxicity (1.3-or 2.3-fold increase of dose, respectively, to inhibit process by 50% [ED50]). No significant effects of soil type, aging time (6, 12, or 18 months), or bioassay on the factor change of ED50 were found. Significant reductions of microbial activity in field-contaminated soils were only identified in 2 of the 15 series (three assays in five soils), whereas freshly spiking the corresponding control soils significantly affected these processes in 12 series. Soil solution Cu concentrations significantly decreased on leaching at corresponding total soil Cu, and smaller decreases were found during additional aging. Soil solution Cu concentrations largely explain changes in Cu toxicity on leaching and aging, although additional variation may be related to changes in the sensitivity of microbial populations. It is concluded that total Cu toxicity thresholds are lower in freshly spiked soils compared to soils in which Cu salts have equilibrated and leaching has removed excess soluble salts. The large variability of soil microbial processes creates a large uncertainty about the magnitude of the factor by which aging mitigates Cu toxicity.
INTRODUCTION
The risk assessment of Cu in soil requires the determination of Cu concentrations that can be tolerated by the soil biota. Soil microbial processes are sensitive to elevated Cu and several thresholds, expressed as total Cu in soil, have been observed that span approximately three orders of magnitude [1] . The discrepancy between results from short-term laboratory tests and long-term field-contaminated sites may explain part of this variation. The derivation of toxicity thresholds derived from field-contaminated sites is, however, problematic, because adverse effects often are confounded as a result of mixed pollution or covariance of soil Cu pollution with other properties that also affect microbial activity (e.g., organic matter content). Therefore, reliable Cu toxicity thresholds derived from field-contaminated sites are limited, and risk assessments generally are based on tests with laboratory-spiked soils. The ecological significance of such tests is questioned, because metal spiking causes a sudden disturbance to the soil microbial community, which is unrepresentative for the field where metals are added gradually and could equilibrate for several years [2] . Spiking soils with soluble metal salts not only increases the metal content of a soil but also increases the ionic strength of the soil solution and decreases the soil pH by replacement of protons from the exchange complex with the metal cations. These changes in soil properties are artifacts of spiking with soluble metal salts and affect the metal bioavailability and the soil microbial response [3] . Therefore, several authors recommend leaching soils after spiking with soluble metal salts to avoid the artifacts of increasing ionic strength and decreasing pH before starting toxicity tests and, hence, for the assays to be more relevant for field conditions [4] [5] [6] . Comparative studies have confirmed that metal toxicity to soil microbial processes in freshly spiked soils bears little relationship with effects detected in field-contaminated soil [7, 8] . This was demonstrated for Zn, and it is unknown to what extent this is true for other metals, such as Cu.
Testing soils immediately after adding metals also ignores the effect of time on metal bioavailability (aging effect). Biological evidence for differences in Cu availability and toxicity between freshly spiked and aged soils has been demonstrated for plants and invertebrates. Toxicity tests with Folsomia fimetaria and Eisenia fetida and plant growth tests with Fallopia convolvulus showed consistently lower Cu toxicity (total Cu based) in a field-contaminated soil than in corresponding laboratory-spiked samples [9] [10] [11] [12] . The bioavailability of added Cu also can decrease with increasing equilibration time, because the extractability of Cu decreases with time after addition of soluble Cu [13, 14] . Long-term changes in the soil microbial community also may change the microbial responses to elevated total Cu. The development of metal tolerance in response to metal pollution is well demonstrated for Cu [15] [16] [17] [18] , but it is unknown to what extent adaptation can restore soil microbial activity in situ in long-term polluted soils.
For all these reasons, a large inconsistency is found between Cu toxicity data derived from freshly spiked samples and that from long-term contaminated soils. It was our objective in the present study to examine systematically the extent of the dif- ference in Cu toxicity to soil microbial processes between freshly spiked and long-term contaminated soils. Therefore, Cu toxicity was compared between soils freshly spiked in the laboratory with a CuCl 2 solution and soils that were spiked with CuCl 2 and experimentally aged for a maximum of 18 months or contaminated in the field and aged for 6 to 80 years.
To distinguish between the effect of time and the effect of leaching the excess metals and salts, Cu toxicity also was tested for soils that were spiked with CuCl 2 and experimentally leached. How much of the variation in toxicity thresholds can be explained by differences in Cu bioavailability was assessed as well.
MATERIALS AND METHODS

Experimental leaching and aging of Cu-spiked soils
Three uncontaminated topsoils were selected based on their contrasting soil properties (Houthalen, Woburn, and Barcelona) (Table 1) . Air-dry and sieved (4 mm) soils were spiked at eight doses (control plus seven Cu doses: 25-1,600 mg/kg for Houthalen and 75-4,800 mg/kg for Woburn and Barcelona) with the appropriate amount of CuCl 2 solution (100 mg/ml) diluted with water to a volume corresponding to 5 ml per 100 g of soil. Soil and diluted CuCl 2 solution were mixed in a concrete mixer. The spiked soil was transferred in 10-L pots (three per treatment, one for each sampling) that were perforated at the bottom, allowing free drainage. All the pots were placed outdoors in a box filled with sand and were exposed to prevailing climate conditions (mean annual rainfall, 780 mm; mean annual maximum and minimum temperature, 14.3 and 7.1ЊC, respectively). Soils were sampled at 6, 12, and 18 months after outdoor placement. After sampling, soils were air-dried at 25ЊC and passed through a 4-mm sieve. To distinguish between the effect of leaching the excess salts and aging reactions, an additional experiment was set up in which the three uncontaminated soils were spiked and leached. Soils were spiked with CuCl 2 as described above. Soil and the CuCl 2 solution were thoroughly mixed by hand until all wet lumps disappeared and then were allowed to equilibrate overnight before leaching. Soils were leached with a dilute salt solution (5 ϫ 10 Ϫ4 M CaCl 2 , 5 ϫ 10 Ϫ4 M Ca(NO 3 ) 2 , 5 ϫ 10 Ϫ4 M MgCl 2 , 10 Ϫ4 M Na 2 SO 4 , and 10 Ϫ4 M KCl; pH 5.9). Soils were first saturated with this solution by placing a perforated flowerpot (bottom covered with filter cloth; mesh size, 140-150 m) filled with the spiked soil in a bucket containing the leaching solution. This was preferred to pouring the solution directly on top of the spiked soils, because it avoids entrapment of air, transport of fine particles, and blockage of the pores or filter. Soils were left to equilibrate overnight. When the water table was above the soil surface, more solution was gently poured directly in the flowerpots with saturated soil to increase the leaching volume to approximately two pore volumes. Finally, the pots were taken out of the buckets and left to drain overnight, and the leachate was removed. The leached soils were oven-dried (50ЊC) and sieved through a 4-mm sieve.
Field-contaminated soils
Three field-contaminated sites were selected, and soils were sampled in a transect to obtain a gradient of total Cu concentrations. An uncontaminated control soil was sampled at each site with soil properties similar to that of the contaminated soils. All soils were sampled with a metal spade from the plow layer after clearance of stones and litter. After sampling, soils were stored at 4ЊC until drying and sieving. The soils were air-dried at 25ЊC and sieved at 4 mm before analyses. One Cucontaminated site was sampled in Hygum (Denmark) in March 2003. This site has a sandy clay soil and, until 1924, was contaminated with CuSO 4 from a wood-impregnation facility. Since then, the site was used as agricultural land except for the last 10 years, when it was left fallow [9] [10] [11] [12] . The transect of eight samples was collected approximately every 8 m on a line starting from the edge of the field and moving toward the center. The control sample was collected from the edge of the field but not at the basis of the transect. The second site was sampled from an established field experiment at Wageningen (The Netherlands) [19, 20] . The experimental design was a randomized block of four levels of pH (in KCl; 4.1, 4.7, 5.4, and 6.1) with four levels of Cu contamination (0, 250, 500, and 750 kg/ha). Copper was added as CuSO 4 ·5H 2 O, and the pH was adjusted by adding flower of sulfur or ground calcitic limestone in the autumn of 1982. A three-year crop rotation of potato, maize, and sugar beet is being practiced since then. All four Cu treatments at the lowest and highest pH (treatments A and D, respectively) were sampled in September 2003, together with a control soil from an adjacent field with pH 4.3 (in 0.01 M CaCl 2 ). Half the air-dried and sieved control soil was limed with CaO (0.4 g/kg) to raise the pH to approximately the same level as that in high-pH treatments. Liming was applied by adding the CaO suspension to the soil, which raised the water content by 5%. Subsequently, the soil was incubated for two weeks before air-drying and resieving. The third site also was sampled from a field experiment, located in Woburn (UK). The trial was designed to study the long-term effects of metal-rich sewage sludge applications to soil. Two soil Cu gradients were sampled in two separate experiments: Cu applied as CuCO 3 salt (metal salt), and Cu applied in metal-rich sewage sludge cake (sludge cake). The CuCO 3 was bulked up with a sand carrier to aid application. This mixture was applied annually over a three-year period (1995) (1996) (1997) to establish four treatments (control plus three Cu doses: maximal dose, 197 mg/kg). The metal-rich sludge cake was applied to the site over a four-year period (1994-1997) to establish five treatments (control plus four Cu doses: maximal dose, 200 mg/ kg). The sludge cake control treatment received a low-metal sludge cake to balance organic matter contents. The target topsoil pH (in water) for both experiments was 6.5, and lime additions were made when necessary to maintain this pH.
Soil analyses
Selected properties for the three aging soils and the field transects were determined on 4-mm sieved samples. The pH was measured in 0.01 M CaCl 2 (soil:solution ratio, 1:5) after shaking for 1 h and settling for 30 min before pH measurement. Total carbon and nitrogen content was measured by ignition with a Variomax CN analyzer (Pro-Tech, Coolum Beach, QLD, Australia). Organic carbon (OC) was calculated as the difference between total and inorganic carbon content. The carbonate-C was determined from the pressure increase after addition of HCl to the soil in closed containers, including FeSO 4 as a reducing agent. The OC content of the Woburn transect samples was analyzed with the Walkley-Black method. Soil water content at pF 0 (saturation) and pF 2.0 (100-cm suction) was determined by the sandbox method using 100-cm 3 soil cores (P1.80-1; Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands). Bulk density of the soil also was determined in these cores after saturation. Aqua regia soluble metal concentrations in soil were determined by boiling aqua regia extraction and analysis of the extract solutions with inductively coupled plasma-optical emission spectroscopy (ICP-OES; Optima 3300 DV; Perkin Elmer, Norwalk, CT, USA). The silver-thiourea method [21] was used to measure the cation exchange capacity (CEC) and exchangeable cations at the pH of the soil. Silver and the exchangeable cations were determined in the extract by ICP-OES. The CEC of the Woburn transects was determined at pH 7 following the ammonium acetate method. Texture was analyzed following the hydrometer method (Houthalen, Woburn, and Barcelona soils) or pipette method (transect soils) after destruction of organic matter with hydrogen peroxide, removal of carbonate and soluble salts with HCl, and dispersion with sodium hexametaphosphate [22] . The range of selected soil properties is given in Table 1 .
Preincubation and spiking
Soil samples were preincubated for one week at 20ЊC and at a moisture content equivalent to 70% of that at pF 2.0. After 7 d, the uncontaminated Houthalen, Woburn, and Barcelona soils were spiked with CuCl 2 (50 mg/ml of Cu) to the same concentrations as the aged samples (except the largest dose).
The uncontaminated control soils of the field transects were spiked to (almost) identical final Cu concentrations as those of the field-contaminated soils. Additional deionized water was added together with the spike solution to adjust the soil moisture content to pF 2.0 (taking into account the volume of the ammonium sulfate solution or glucose solution to be added later as substrate). Control treatments (no Cu added), leached or aged samples, and field-contaminated soils were raised to pF 2.0 with deionized water only but otherwise were treated as described for metal-spiked soils. All soils were mixed thoroughly after amendments. Soils were left to equilibrate for another week at 20ЊC before starting the microbial assays.
Nitrification
Seven days after metal spiking, duplicate 99-g subsamples of each soil treatment were amended with 1 ml of (NH 4 ) 2 SO 4 solution (47 mg/ml of (NH 4 ) 2 SO 4 , resulting in 100 mg NH 4 -N/kg fresh soil) and incubated in the dark at 20ЊC. The potential nitrification rate (PNR; mg NO 3 -N/kg fresh soil/d) was calculated from the linear increase in soil NO 3 -N in the period after substrate addition [23] . The soil nitrate was measured colorimetrically in a centrifuged soil extract (1 M KCl; 10-g subsample; soil:solution ratio, 1:2.5; 2 h of end-over-end shaking). The PNR was calculated as the slope of the regression of soil nitrate concentration against time. This test is most sensitive to metals in the linear phase of nitrification (i.e., as long as the substrate is still abundantly present). Therefore, the test duration varied between 4 and 28 d among soils, dependent on the PNR of the control soils. The incubation time was always identical for each sample within a dose-response study (i.e., for each Cu dose).
Glucose-induced respiration
Seven days after metal spiking, duplicate 39-g subsamples of each metal concentration from each soil were placed in separate 200-ml glass jars. Soils then were amended with 1 ml of 14 C-labeled glucose solution (40 mg/ml of glucose; specific activity, 0.925 KBq/mg glucose-C) and mixed thoroughly. Each glass jar was immediately placed and sealed inside a 1.5-L preserving pot containing 20 ml of 1.0 M NaOH. Then, each sample was incubated in the dark at 20ЊC for 24 h, after which 1 ml of the NaOH was removed and added to 10 ml of scintillation cocktail (Ultima Gold; Perkin-Elmer, Boston, MA, USA) for activity determination by beta counting. The percent of added [ 14 C]glucose respired was calculated from sample radioactivities.
Maize residue mineralization
Seven days after metal spiking, duplicate 40-g subsamples of each metal concentration (of each soil) were placed in separate 200-ml glass jars. To each 40-g subsample, 40 mg of ground, 14 C-labeled maize root material were added and mixed thoroughly. This plant material was derived from soil-grown maize plants continuously exposed to a 14 CO 2 -labeled atmosphere that ensured homogeneous labeling of the plant carbon. The carbon content of the maize root substrate was determined as 22% with a specific activity of 3.4 MBq/g C. Each glass jar was placed inside a 1.5-L preserving pot containing 20 ml of 1.0 M NaOH and incubated in the dark at 20ЊC for 28 d. On completion of the incubation period, 1.0 ml of NaOH was removed and added to 10 ml of scintillation cocktail (Ultima Gold; Perkin-Elmer). After shaking these solutions, activity
14
C respired was calculated.
Analysis of metals in soil and soil solution
All freshly spiked, leached, and aged samples were analyzed for pH and aqua regia soluble metal contents. Total measured Cu concentrations of the freshly spiked samples were in good agreement with the nominal dose applied. The slope of the measured to nominal dose-regression line was within 95% of the 1:1 line. These results justify the use of nominal doses for calculation of dose-response curves for freshly spiked samples.
Soil solutions were extracted through centrifugation from samples at field capacity (pF 2.0) four weeks after spiking. These subsamples for soil solution extraction did not receive -or C-substrates. Soil solution was filtered immediately 
Data analysis
No-observed-effect concentrations (NOECs; the largest metal concentration in the soil at which no significant adverse effects were observed compared to the control soil) were determined by analysis of variance (Duncan test) for all soils and assays. If significant effects were identified, a log-logistic dose-response model [24] was fitted to the data with the Marquardt method (SAS 8.02; SAS Institute, Cary, NC, USA). The dose in this model is the added Cu (nominal addition for freshly spiked soils and background-corrected measured concentration for leached, aged, or field-contaminated soils), with the dose in the control soil attributed a very small value (0.1 mg/kg). The effective dose at which there is 10, 20, or 50% effect (ED10, ED20, or ED50, respectively) expressed as added Cu are predicted from these curves. The effective concentrations at which a 10, 20, or 50% effect occurs (EC10, EC20, or EC50, respectively) expressed as total Cu are calculated from the sum of background and corresponding ED10, ED20, and ED50. The soil solution based EDx and ECx values were calculated similarly as total soil values. The dose is the background-corrected soil solution Cu concentration, and the dose in the control soil was attributed a very small value (1E-6 mg/L). Significant differences of ECx values among treatments were detected based on 95% confidence limits. Preferentially, results for the EC50 are presented, because these values are more robust and less influenced by experimental error compared to the NOEC or EC10. Because the maize residue mineralization assay did not reach 50% effect in most soils, the EC20 is presented for that assay.
Metal speciation
Free Cu 2ϩ activities at EC50 thresholds (EC20 for the maize residue mineralization assay) were calculated with the Equilibrium Calculation of Speciation and Transport (ECOSAT) computer program [25] based on the soil solution composition. Metal binding to humic substances is simulated by the NonIdeal Competitive Adsorption-Donnan model [26] . It was assumed that 65% of dissolved organic matter (DOM) is fulvic and that 35% is inert, and default parameters for generic fulvic acids were used [27] . The DOM was set as DOC/2. Input parameters for the model were dissolved Cu concentrations at the EC50 (EC20 for maize residue mineralization) and corresponding soil solution pH, DOC, Ca, and Mg concentrations. It was assumed that Cl was the main anion (metals added as chloride salts), and its concentration was estimated to balance the cations. The partial pressure of CO 2 was set at 2.88 ϫ 10 Ϫ4 bar. Iron and Al also were included, because they compete with trace metals for binding on fulvic acids. Iron and Al activities were calculated based on the solubility constants of Fe(OH) 3 (K SO ϭ 2.7) and gibbsite (K SO ϭ 8.5), respectively [28] . Aluminum activity at pH less than 4.5 was set at 10 Ϫ5 [29] .
RESULTS
Experimental leaching and aging of Cu-spiked soils
Both experimental leaching and leaching caused by percolating rainwater during aging significantly decreased the total Cu concentration of the Houthalen soil. Samples with the largest Cu doses lost up to 50% of the added Cu after leaching or aging, illustrating the restricted capacity of this acidic, sandy soil to adsorb the added Cu. The loss of Cu in the Woburn soil was limited to less than 10% at the largest dose, whereas for the Barcelona soil, no significant loss of Cu was detected except for the largest dose after 18 months. No major differences were found in Cu concentrations between the samples aged for 6, 12, or 18 months.
Soil solution Cu concentrations differed more among freshly spiked, leached, or aged treatments than corresponding total soil Cu concentrations (Fig. 1) . Soil solution Cu concentrations of the leached or aged Houthalen soils were, at all doses, more than 10-fold less than those of freshly spiked samples. For the Woburn and Barcelona soils, soil solution Cu concentration only decreased significantly with leaching and aging at the largest Cu doses. No major differences were found in soil solution Cu concentration among samples aged for 6, 12, and 18 months from one soil. Spiking soils with CuCl 2 also increased the soil solution Ca and Mg concentration with increasing Cu concentration. Leaching (experimental or caused by percolating rainwater during aging) effectively removed the excess salt (data not shown). Soil solution pH decreased by up to 1.5 units with increasing Cu dose before leaching. These decreases were less pronounced or even absent in soils that were leached or aged after spiking.
The control response of the three soils varied strongly among the freshly spiked, leached, and aged treatments (data not shown). Hence, no conclusion should be made based on the effect of time on the biological response in a Cu-contaminated soil without reference to a trend on control soils. Significant dose-response relationships were identified for most series, whereas insignificant adverse effects or even stimulations were observed in selected series (Table 2) . No doseresponse curves were fitted for all these soils, and the toxicity thresholds values were expected to be larger than the concentration of the largest Cu dose tested.
Both leaching and aging affected Cu toxicity, but the trends were not consistent among the soils or assays considered (Table 2). Among all eight series considered (three soil and three assays, one assay missing for Houthalen soil), total Cu thresholds (EC50 or EC20) significantly increased with aging in six series, whereas data are missing or are inconclusive for maize residue mineralization in the Houthalen and Woburn soils. However, no general effect of aging time (6, 12, or 18 months) on Cu toxicity thresholds could be detected for any of the soils. The median increase in ED50 concentrations for all soils and assays (average taken for the three aging times) was a factor of 2.3. Experimental leaching of the excess salts in soils after spiking with CuCl 2 resulted in smaller changes in Cu toxicity compared to the aging treatments. A significant increase of the total Cu toxicity threshold (EC50 or EC20) was observed only in two series. No significant effect of leaching on Cu toxicity was observed for four series, whereas no conclusion can be made for the two remaining series (maize residue mineralization in the Houthalen and Woburn soils). The ED50 thresholds for all soils and assays increased by a median factor of 1.3 after leaching compared to the freshly spiked soils.
In contrast to total soil Cu toxicity thresholds, soil solution Cu toxicity thresholds generally did not increase with leaching and aging ( Table 2) . Soil solution Cu toxicity thresholds for the Houthalen soil strongly decreased after leaching but showed neither significant differences nor trends between leaching and aging treatments. Soil solution Cu toxicity thresholds for the Woburn soil did not show a general trend among treatments for the three assays, whereas soil solution Cu toxicity thresholds for the Barcelona soils were similar for all the different treatments.
Field-contaminated soils
Most soil properties are similar within the Cu gradient (Table 1). No mixed metal contamination was observed in either field with the exception of a minor increase of As in Hygum (4 mg/kg in control, 8 mg/kg at the largest Cu concentration). It is unlikely that this increase has toxicological effects. For the Hygum soil, a highly significant increase was found in OC content and CEC with increasing Cu. It is unclear if the increased organic matter content resulted from Cu contamination (e.g., long-term effects on organic matter decomposition) or was related to changes in texture or gradients in land use.
A significant adverse affect of Cu in field-contaminated soils was detected only in 2 of the 15 series (five soils ϫ three assays): Glucose-induced respiration in Wageningen A, and nitrification in Wageningen D (Table 3) . Copper toxicity effects may be obscured by soil variability within the transect, because microbial processes are highly affected by soil properties, such as pH and organic matter content. Therefore, correlation analysis was performed between microbial response and the soil properties. Significant correlations were found only for the nitrification rate and percentage [ 14 C]glucose respired for the Hygum transect, where the responses were significantly correlated with CEC and total N content. Because both soil properties were significantly related to OC content, this was assumed to be the driving factor. The lack of detectable adverse effects in the Wageningen and Woburn transect soils is explained, in part, by their relative small Cu concentrations. In these four transects, the maximal soil Cu concentrations were less than 200 mg/kg, and the largest percentage inhibition in corresponding spiked soils was only between 11 and 65%.
In contrast to the field-contaminated soils, freshly spiking control soils significantly reduced microbial activity in 12 of the 15 series (Table 3) . This resulted in a significantly larger Cu toxicity compared to field-contaminated transect soils for 11 of the 15 series. In three series, results were inconclusive, because both transect and spiked samples did not show an adverse affect of Cu (maize residue mineralization in Hygum, Wageningen A, and Woburn metal salt), and for one series (glucose-induced respiration in Wageningen A), no significant difference was observed in Cu toxicity between transect and spiked samples. Soil solution Cu concentrations generally are lower in field-contaminated soils than in freshly spiked soils and largely explain the lack of adverse effect in field-contaminated soils (Fig. 2) . Speciation calculations predicted that the fraction of free Cu 2ϩ in soil solution at EC50 (EC20 for maize residue mineralization) varied greatly among all soils and treatments (0.3-96% of soluble Cu). The predicted fraction of free metal Cu 2ϩ activity decreases with increasing pH and increasing DOC concentration. The remaining part of the soluble Cu is complexed mainly by DOC. The percentage of free Cu 2ϩ was always larger in the freshly spiked soils (%Cu freshly spiked ) compared to the corresponding leached or aged samples (%Cu leached or aged ) by a median factor (%Cu freshly spiked /%Cu leached or aged ) of 4.9. The variation in predicted free metal ion activity toxicity thresholds among all soils and treatments was for all three assays significantly correlated with the variation in soil solution pH.
DISCUSSION
Copper toxicity either decreased or did not change significantly, but it never increased with leaching and aging. Leaching explains part of the difference in Cu toxicity after aging, because toxicity threshold values generally are intermediate between those of the freshly spiked and aged treatments ( Table  2) . Differences in soil solution Cu toxicity thresholds among leached and freshly spiked soils generally were smaller than differences in total soil toxicity thresholds; hence, decreased Cu solubility explains part of the decreased Cu toxicity on leaching. The soil solution thresholds of the Houthalen soil were, however, remarkably larger before leaching than after leaching or leaching and aging (Table 2) . Leaching removes excess Cu, salts, and protons in soil solution, thereby decreasing toxicity based on total Cu thresholds, even correcting for the loss of total Cu in soil. Predicted Cu speciation in soil solution shows that critical Cu 2ϩ activities for soil microbial processes are smaller at larger pH values. This observation also was made for a meta-analysis of existing toxicity data for various metals [30] and is explained by reduced H ϩ :Cu 2ϩ competition on the biotic membrane, as demonstrated experimentally for freshwater organisms [31] . Leaching increased soil solution pH by approximately one unit at the EC50 in Houthalen soil, which may explain why soil solution Cu thresholds are lower after leaching than the corresponding values before leaching.
Although we did not observe a general trend of Cu toxicity with aging time (6, 12, and 18 months), Cu toxicity thresholds after aging tend to be larger than after leaching alone, indicating a further decrease of Cu toxicity after initial leaching. This may be caused by slow reactions affecting the bioavailability of Cu but also by adaptation of the microbial biomass in the soil to the increased Cu concentrations. Kunito et al. [18] , indeed, reported that the amount of Cu-resistant bacteria in the soil increased drastically within a period of 40 weeks after spiking with CuCl 2 .
The results for the field-contaminated soils generally confirm the observations for the experimentally aged soils. The lack of Cu toxicity in most field-contaminated soils, however, does not allow the estimation of the magnitude by which longterm equilibration mitigates Cu toxicity on soil microbial processes. The small differences in soil properties between the spiked control soils and the transect samples could not explain the large differences in Cu toxicity, because results from a study on the effect of soil properties on Cu toxicity to the same soil microbial processes [32] show that the difference in soil properties between the spiked control soils and the corresponding field-contaminated soils can maximally account for 40% difference in Cu toxicity in the Hygum soil, and for even less in the other soils (details not shown). Soil solution Cu largely explains the lack of pronounced toxicity in field-contaminated soils, because the highest soil solution Cu in fieldcontaminated soils always were less than the EC50 values of corresponding spiked soils, with the exception of the Woburn metal salt series (Fig. 2) . Microbial acclimatization or adaptation in the field-contaminated soils cannot be excluded; therefore, the results from these assays cannot separate effects of decreasing bioavailability of Cu with time from effects of changes in the sensitivity of the microbial population for Cu with time.
Despite the large variation in soil properties, we did not observe significant differences in the magnitude of the factor by which aging mitigates Cu toxicity among the different soils studied. This was attributed to the lack of Cu toxicity in many soils and the large variability in microbial response, which may have hampered the detection of effects of soil properties on the extent of aging reactions of Cu in soils. Indeed, the present study also shows that soil microbial processes are high- ly sensitive to any variation in soil properties (metal content or other [e.g., organic matter content]). The larger variability of the microbial response in the field-contaminated samples compared to spiked soils is evident in Figure 2 . Such strong sensitivity of microbial processes increases the variability of the microbial response in the dose-response relationships of field-contaminated soils, thereby reducing the chance to derive toxic thresholds with statistical significance from such data and, hence, complicating the comparison with results from laboratory-spiked soils. The large variation in control response of the leaching and aging treatments again indicates that other factors than Cu bioavailability (e.g., climate conditions before sampling) strongly affect the response of the soil microbial biomass. The large variation in control response after leaching and aging also hampers the detection of changes in Cu toxicity with time. The large variability of the soil microbial processes illustrates that a large Cu contamination often is required to detect adverse effects in field-contaminated soils. For example, pronounced effect of Cu on soil microbial activity (N-mineralization) in a field-contaminated soil was found in the mor layer of acidic soils sampled in a coniferous forest contaminated by Cu and Zn from a nearby brass smelter [33] . The Nmineralization was halved at approximately 150 mg/kg of Cu, but the raw data plotted in that paper suggest that the adverse effects were statistically significant only because data were included with soil Cu of greater than 1,000 mg/kg. To our knowledge, no corresponding laboratory study involving such soils has estimated these effects on freshly spiked soils.
In conclusion, we observed that total Cu toxicity thresholds for soil microbial processes derived in freshly spiked soils are lower than threshold values measured in soils where Cu has equilibrated and leaching has removed excess salts. The magnitude of the effect of leaching and aging on Cu toxicity is, however, highly uncertain because of the large variability that is inherent to soil microbial processes. It is recommended that freshly spiked soils should be leached and equilibrated before toxicity testing to mimic more realistic exposure conditions.
